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Introduction

Introduction on LHC

S. Gilardoni  CMS/TOTEM

= o

IR1

ATLAS/LHCf

proton-proton and ion-ion collider; next energy-frontier discovery
machine; c.m. energy 14 TeV (7x Tevatron); design pp luminosity
103*cm=2s~1 ( 30x Tevatron)
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Introduction

Introduction on crab cavity

o Long-range beam-beam effects —> crossing
angle

o Crab cavities proposed by
Palmer, Oide and Yokoya

o To restore an effective head-on collision at IP

o The required horizontal kick

‘ (VAR ,
Apy, = =%t = = -sin (¢s + %)

o KEKB: global crab cavities (one for each ring)
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Local scheme

H crossing
IP5: CMS

Local Crab Cavity Beam 2 Beam 1,

IP1: ATLAS
V crossing

. Local crab cavity

o c2-ps-tan(g) o .
V1 o Q'w'\/ﬁ*'ﬁcrab'Sin(A(PO) and \/2 o R22 Vl
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Global scheme

H crossing
IP5: CMS

Global crab cavity

LHC Beam 1

IP1: ATLAS
V crossing

2sin(7 Q)

o c2-p5-tan(g)
V= cos(Apg—7Q)|

q-wy/ B*Berab

Yi-Peng Sun (CERN/ABP) LHC crab cavities October, 2009 7 /68




Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Two LHC optics

parameter symbol nominal LHC | upgrade SLHC
p per bunch Np[1011] 1.15 1.15

n of bunches n 2808 2808

rms bunch length | o, [cm] 7.55 7.55

rms energy spread | oe[107%] 1.1 1.1
BatlPL&IP5 | 3* [m] 0.55 0.25
emittance € [107® m - rad] | 3.75 3.75

full crossing angle | 6 [p rad] 285 381
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, llimation & Beam-beam

Local scenario

5000
4000
3000
2000 r
1000

B [m]

0 N _
-600  -400 -200 0 200 400 600
14000 ; .

12000 r
10000
8000 r
6000
4000
2000 r

B [m]

-600 -400 -200 0 200 400 600

Vel [MV] Veer | Beaa Bec2 LIp — Peccl | Pec2 — PIP
nominal | 3.5 0.7 1541 | 665 0.259 0.259
upgrade | 4.9 3.1 2616 | 1023 | 0.254 0.254

Yi-Peng Sun (CERN/ABP) LHC crab cavities October, 2009 9 /68



Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Single global scenario

H crossing
IP5: CMS

LHC Beam 1

IP1: ATLAS
V crossing

@ Only one global crab cavity (800 MHz) at IR4, to test the
crab cavity in hadron colliders

e Aim for 10% (max 25%) luminosity gain
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Single global scenario, optics

B [m]

-600 -400  -200 0 200 400 600

B [m]

-600 -400  -200 0 200 400 600

@ 2.3 MV for nominal LHC, (3, cc increased up to 3 km

o 1.3 MV for lowbetamax, Bx cc=3 km + Move Q, near
int. (factor 3 reduction for Q, = 0.1)
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

CC works at IP5

0.03 T
800MHz CC
400MHz CC
No CC
0.02 - Linear kick
E
E oo01f
j=4
k=]
:
2 0
g
€
o
8 001
(=}
I
-0.02 -
-.0.03 . . . . "
-200 -100 0 100 200

Longitudinal position [mm]

Turn-by-turn x-z correlation, 2.50,, IP5 with

400-MHz and 800-MHz global CC, nominal LHC
with rms bunch length o, = 75.5 mm.
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Scenarios
Main part on CC DA, aper. & [3-beat
Luminosity, €, Collimation & Beam-beam

Dynamic Aperture

18 18
LCC 800MHz —+— LCC 800MHz —+—
LCC 400MHz —— LCC 400MHz -~
17 r GCC 800MHz —»— q 17 GCC 800MHz %
GCC 400MHz &
No crab cavity

No crab cavity
16

15

14

13

Minimum dynamic aperture [o]
B e
5 &

Minimum dynamic aperture [o]

12 - q 12

. . . . . . 1 . . . . . .
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Angle [degree] Angle [degree]

Min dynamic aperture (DA) over 60 error seeds
Primary collimator half opening 60 —> DA larger
than 120 more than sufficient for LHC
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Scenarios
Main part on CC DA, aper. & [3-beat
Luminosity, €, Collimation & Beam-beam

To recover dynamic aperture in the local scheme

18 T T T
LCC 800MHz —+—
LCC 800MHz optimized —*—
17 + No crab cavity —a—
B
S 6t
@
&
° 15 +
£
©
S 14t
k=]
€
=3
E B}
£
s
12 +
11 . . . . . .
10 20 30 40 50 60 70 80

Angle [degree]

DA recovered by optimizing the phase advance (in
the crossing plane) between the two local CCs to be
much closer to 0.5 (in units of 27).
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Scenarios
Main part on CC DA, aper. & [3-beat
Luminosity, €, Collimation & Beam-beam

Aperture

15 5
10,800 MHz CC —+— 10,800 MHz CC ——
10} 400 MHz CC - 4 « 10,400 MHz CC |
1o, % i 1o, %

& horizontal orbit [o]
& horizontal orbit [0]

. . . . . 4 . . . . .
0 5000 10000 15000 20000 25000 30000 0 5000 10000 15000 20000 25000 30000
Longitudinal position [m] Longitudinal position [m]

Global scheme, nominal LHC, beams occupy an
additional 0.50 aperture (lowbetamax about 1o).
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Scenarios
Main part on CC DA, aper. & [3-beat
Luminosity, €, Collimation & Beam-beam

z-dependent ‘beta beating’

5 5
04 f

< 008 < 03t
. 0.04 - 02}
£ 0 E 01l
5 004 5 o3f
a -0.08 a 02t
g 012 ! . g 03: . . . X ]

0 5000 10000 15000 20000 25000 30000 0 5000 10000 15000 20000 25000 30000
’s Horizontal ’;':4 0.012 Horizontal
— H) Vertical - 0.009 Vertical . .
o 3 G 0.006 i gt
o s O 0.003
@ H @ 0
g g -0.003 f
< 0006 ‘ ‘ ‘ ‘ ‘ < 0006 ‘ ‘ ‘ ‘ )

0 5000 10000 15000 20000 25000 30000 0 5000 10000 15000 20000 25000 30000

s[m] s [m]

Off-momentum [-beat, nominal LHC, momentum offset
0.00027 (top); z-dependent ‘(3-beat’ due to the global CC
(bottom), much smaller

Nominal LHC optics (left) & lowbetamax (right).

Yi-Peng Sun (CERN/ABP) LHC crab cavities October, 2009 16 / 68



Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Coordinates system for the two colliding beams

x12 and sj 5 are the coordinates of an
arbitrary particle in beam 1 (2).
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Analytical treatment (1)

2
pul) = oo (—3%)

2
pz(2) = —=exp (—;7)

x-z correlation from the crab cavity

v, = c?-ps- tan(%)
q-Werab R12
27t
AXl 2 = iRl2 - sin (7ﬁ Crab(fsid)>

.

coordinates

x| = xcosg —ssin g + L sinke (s — ct)] sin
X, = xcos § + ssin & — L sin[ke (s + ct)]sin
and s, = scosg — xsin

NI v N[
NID N[D N[D

S = scos% + xsin

v
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Analytical treatment (2): lumi. reduction factor

Integration

L= CA\I"f’eV"" cos?(6/2) f+oo eroo f+oo (x1)pz(s1 — ct)px(x2)pz(s2 +

ct)dxdsdt

Two beams crab crossing

+ + 2 2 cos?
= c°5(9/2 f e f o exp [7725 _ 2o b/ 502(0/2) — Tk(saﬂ) 2+ 4k§, .52 — cos(2ker(s — c - t))
z

- cos(QkC,(s +c-t)) — 8ke - s cos(ke - ¢ - t)sin(ke - s) — 4cos?(ke - s) - sin®(ke - c - t))] dtds

Smgle global, only one beam crabbed

505(9/2) c ‘/‘+00 f+00 [_# _ & 5052(9/2)_ sin?(8/2)(—2kerstsin(ker (s—c-t)))? :| dtds

U? 4k§, 0)2(

v
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Comparison with GUINEA-PIG Simulation

7 7
-~ Nominal crossing -~ Nominal crossing
e No crossing angle e No crossing angle
= 6 CC 400MHz = CC 400MHz
= CC 800MHz = CC 800MHz ——
£ Dots from GUINEA-PIG = £ Dots from GUINEA-PIG
E E
2 s 2 s
° 13 . °
B B
N o4 12 X; 1 N 4
] g ]
g — g
g 3 11r 1 g 3
2 )
8 1 8
£ 2 0.53 0.54 0.55 1 g 2
15 15
5 5
3 3

1 1

01 015 02 025 03 035 04 045 05 055 01 015 02 025 03 035 04 045 05 055
B ml B m)

o analytical formulae (curves) and GUINEA-PIG
simulations (dots), two h-crabbed beams
(crabbing angle of 6/2) at IP5 (left)

o only one h-crabbed beam (0/2) at IP5 (right).
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Relative luminosity gain vs crabbing angle

112 T T T T T 19 T
Theory, 800-MHz CC —— ThEDry 800-MHz €C ——
5 GUINEA-PIG, 800-MHz CC -+~ 5 GUINEA-PIG, 800-MHz CC —>—
T 11 GUINEA-PIG, 400-MHz CC - | I
= GUINEA-PIG, 20-MHz CC [ = 18|
2 £
E £
2 2
El 2 17t
o =
g g
T T
g £ 6l
g gt
2 2
2 k]
é _g 15
g :
3 o 3
0.98 - . . . . 14 . . . .
0 5e-05 0.0001 0.00015 0.0002 0.00025 0.0003 0 0.0001 0.0002 0.0003 0.0004 0.0005
Crabbed angle [radian] Crabbed angle [radian]

o nominal LHC collision optics (left) and
lowbetamax (right) with single global CC.
Luminosity gain of 7% or 25%

e 20 MHz, optimum crab angle = half crossing
angle; higher crab frequencies —> rf curvature.
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Luminosity gain for the CC prototype test

13 r 6=285 prad, €=3.75pm —+—
0=349 prad, €=2.5pm —¢—
6=552 prad, e=1pm —¥—

125

Normalized Luminosity

. . .
0 0.5 1 1.5 2
Crabbed angle [6]

o Nominal LHC, 3* = 0.55 m, 6 = 285 — 552 prad

o The luminosity gain is 12-25% for lower
emittance
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S
Main part on CC . & [(-beat
Luminosity, €, Collimation & Beam-beam

Emittance growth (1)

0.4
Reference
0.53 : : : : : : . : : CC Ramping 1 turn -
Before ramping, 500 turns —=— 0.35 CC Ramping 5 turns - 7
Ramping-first half, 2500 turns I CC Ramping 10 turns &
L Ramping-second half, 2500 turns . ] e CC Ramping 100 turns q
0.52 = 0.3 ping
— After ramping, 500 turns . 8 CC Ramping 1000 turns
3 Linear kick E
% o051 | , o 03 7
i<} 2
g T 02 1
g8 o05f 1 E
k| 2 015 E
= ®
8 049t ] =
5 < 0.1 1
2 & !
0.48 - 1 0.05 - -~
i M '’ o @ ki
0.47 L L L L L L L L L 0
250 -200 -150 -100 -50 O 50 100 150 200 250 o 500 1000 1500 2000 2500

Longitudinal position [mm] Turn

o Left: check of crab cavity ramping

o Right: relative horizontal emittance growth
indicateds ramping time > 10 turns
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Emittance growth (2)

0.7 T 0.7 T T
Reference Reference
800 MHz CC - 800 MHz CC -
0.6 400 MHz CC * 0.6 400 MHz CC *

20 MHz CC = 20 MHz CC =

Relative normalised emittance
Relative normalised emittance

500 1000 1500 2000 2500 0 500 1000 1500 2000
Turn Turn

o CC ramping with different frequency 20 MHz,
400 MHz and 800 MHz, without (left) and with
(right) Landau octupoles

o 1 turn ramping speed. Lower the frequency —>
larger the emittance growth

Yi-Peng Sun (CERN/ABP) LHC crab cavities October, 2009 24 / 68



Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Emittance growth (3)

0.25 T
Reference
800 MHz CC
400 MHz CC -
0.2 20 MHzCC =

0.15

0.1

Relative normalised emittance

0.05

0 500 1000 1500 2000 2500
Turn

CC ramping with different frequency 20 MHz, 400
MHz and 800 MHz, longitudinal cut at 1o. 1 turn
ramping speed. Emittance growth due to particles
in the longitudinal tails.
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Crab dispersion

[ Dy cc 800MHz
Dy ce 400MHz

Dispersion [m]
o » & N o N A o ®
= T —

o

5000 10000 15000 20000 25000 30000
Longitudinal position [m]

—[B(s) qctan(d) . rwz)  cos(Api—7Q)
XDCC(Z’ S) — Vo = -sin (7) " cos(Apo—7Q)

Crab dispersion one 800-MHz global CC (red) and
one 400-MHz global CC (green); normal dispersion
(blue).
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Scer S

Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Crab dispersion, KEKB measurement

T T
Measurement —>¢—
' Model twiss %

A X [mm]

A

%

0 500 1000 1500 2000 2500 3000
Longitudinal S [m]

Measurement (L+H kick) R. Tomas et al.

Dec. 2008. Analytical prediction agrees with
measurement.
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Collimation overview

The half gap of the different group of LHC collimators

IR7 (3 cleaning) 1IR3 (4, cleaning)
TCP 6 15
TCSG 7 18
TCLA 10 20
TCTH (IR1&2&5&38) 8.3 8.3
TCDQ (IR6) 8 8

o Collimation: absorb the beam halo and protect the
super-conducting ring

@ Impact parameter

@ Local loss map

o Collimators hierarchy & available phase space
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Impact parameter (1)

Beam center

Impact parameter
less than 1E-6 m

Primary collimator TCP  Secondary collimator TCSG

Sketch & 1 x 107°m requirement on impact
parameter
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Impact parameter (2)

40 . T .
Nominal —+—
35 | Global CC (z=10,) —— |
— Global CC (z=20,) —»—
E Global CC (z=30,) —&—
= 30 - 1
5 Global CC (z=40,)
©
£ 25t
[
2 ol
— 20 f
3]
(]
o
E 15}
[}
g
S 10
E
5[ 88
‘l
0 . . ! P == H
0 20 40 60 80 100 120 140 160 180 200
Turn

o Average first-time impact parameter
o 1 m impact parameter for the first turn
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Scenarios

Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Local loss map, similar with no CC

LHC, 7 TeV, 2, horizontal beam halo

T T T T T T T T
P2 IP3 P4 PS5 IP6  IP7 P8 IPY

Local inefficiencyn [m™]
5,

o Left: without crab cavity
e Right: z= 1o,, with crab cavity
o Quench limit: full nominal LHC beam & 0.2

hour lifetime
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Scenarios
Main part on CC DA, aper. & (3-beat

Luminosity, €, Collimation & Beam-beam

Local loss map (IR7), similar with no CC

T T
TCP.CAL7BL LHCIR7 [ ToPosLTBL LHCIR7

10’ 10
_ 107 10
E E
S 107 510
5 £
£10° 2109

107 107

Quench fimit
107} i w0l T - _l S0 Rt (el o ! e M
L
197198 199 20 A1 22 203 24 197 198 199 20 201 202 203 204
S ki

S fkm]

o Left: without crab cavity
o Right: z= 1o,, with crab cavity

o Quench limit: full nominal LHC beam & 0.2
hour lifetime
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Collimator hierarchy: TCP.6L3.B1

75 T T T 25 T T T
0 Be(d), D(®) —— 2 Bx(®,). Dycc(®) ——
P, Bx(8)=Bxo: Dx(8)=Dyg - Positive jaw (+Xgy)
45 OSitiyg 4 15
S
30 ‘cut) B 10
5 15 5 5
ERNY 3 0
o o
< -15 < -5
-30 N -10
©9atie Jew
-45 X -15
Negative jaw (-X
0 2 gative jaw (-Xcy)
75 . . . . . . 25 . . . . . .
-0.004 -0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004 -8 -6 -4 -2 0 2 4 6 8
Energy offset ép Longitudinal offset [0,]

nﬂ,cut(’.co/l: 572) = m . (:l:rcut(icoll) - Dr(icol/7 5) -0 — XDCC(Z, 5))

o L:Off-momentum beat (d,-dependent D, and [3)
o R:Crab beat (z-dependent dispersion D, and 3)
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Scer S
Main part on CC DA, aper. & (3-beat

Luminosity, €, Collimation & Beam-beam
Collimator hierarchy (Dy): no crab

‘ TCP —— TCTH —— TCLA
TCSG —— TCDQ —— RF bucket - - -

an cut [d]

-0.004 -0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004
Energy offset Bp

Off-momentum beat (d,-dependent D, and f3)
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Collimator hierarchy: pure crab dispersion

TCP —— TCTH —— TCLA TCP —— TCTH —— TCLA
TCSG —— TCDQ —— RF bucket - - - TCSG ——— TCDQ —— RF bucket - - -
21 F - - - - - - - - 11
T '
18 f— — —
B— 10
2 . . 1 )
[ o mm— e —————— S E—— | 9 i
8 3t ' ' {1 E v LN
s of ' ' ERE : :
< 3 ' ' 1 & T '
&£ & — - —
B e — X ' X AN 4
9 F — v g ! \1/ \\// i —
12 ' : '
-15 6 '
B—_— S '
21 i E| 5 L L
-8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8
Longitudinal offset [o,] Longitudinal offset [a,]

e Worst case Q@ 10,

o Crab beat (z-dependent dispersion D, and 3)
o D,(icon,9) = 0. Right: zoom.

Yi-Peng Sun (CERN/ABP) LHC crab cavities October, 2009 35 /68



Scenarios
Main part on CC

DA, aper. & (3-beat

Luminosity, €, Collimation & Beam-beam

Collimator hierarchy: combine crab and off-m dispersion

TCP —— TCTH —— TCLA ‘ ‘ TCP —— TCTH —— TCLA
TCSG —— TCDQ ——— RFbucket - - -
10.5
B : ’ S B
3 le phage spac 3
& for cirgulating beam &
- oo =
55 4 H
21 b A s S]] A
-0.004 -0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004 -0.004 -0.003 -0.002 -0.001 0
Energy offset 3,

B [N
0.001 0.002 0.003 0.004
Energy offset 3,

e Crab beat @lo, + Off-momentum beat
e Small change
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Min. P-S distance between collimators

2.1 . .
2 Koo Koo Hrrror e Koo Yoo oo R K
19 +
1'3 [ TCP —> TCSG (IR7) ——

: TCSG --> TCTH -3¢
16 | TCSG --> TCLA (IR3) -
15 TCSG --> TCDQ

Minimum distance [o]

Longitudinal offset [o,]

e Crab beat + Off-momentum beat

e From 1 to 0.70 in the worst case
(acceptable)
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Crab crossing BB tune shift, H-crossing at IP5

0 T T T T T Tune shift (BB @ IP5, 6/2=142 prad), LHC collision
x 0001 0.0005
) x 0.001
S -0.002 o 000862
a 5 B =
-0.003 {1 2 -q.&ggg R P
B—H o = = a -0,0035 |- Rt W
-0.004 -0.004
0 100 200 300 400 500 600 -4 -3 -2 -1 0 1 2 3 4
0 T T T T T 0 T T T T T
-0.0005 Crossing —+—
> -0.001 - Crossing collision —+— 1 > -0.001 B2 crabbed —*—
@ Crab collision —&— o -0.0015 B1B2 crabbed —=—
S -0.002 1 £ -0002 Head-on —>—
8 £ -0.0025
8 .0.003 1 9 0003 M
i £ = & = £ -0.0035 (o= v R T
-0.004 . . . . . 20.004 Al il i
0 100 200 300 400 500 600 4 -3 2 1 0 1 2 3 4
Half crossing angle [urad] Longitudinal offset [o]

o Left: Hori. (top) and ver. tune shift (bottom);

Crab crossing tune shift = head-on collision case
e Right: Hori. (top) and ver. detuning (bottom) at
different longitudinal position inside the bunch
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Synchro-betatron resonances: two beams crabbed

Cr‘ossmg Cr‘ossmg
Crab crossing Crab crossing
0.01 - Q Head an 001 Q Head on
Qct2Qs
+2!
Qu+2Qs 0.001
0.001
8 € 0.0001 F
2 2
£ 00001 F £
g £ leos}
1le-05 ¢
1e-06
1e-06 - 16-07 F
1e-07 1e-08
0.3 0.305 0.31 0.315 0.32 0.3 0.305 0.31 0.315 0.32
Frequency [tune units] Frequency [tune units]

Frequency spectrum. For a particle launched with 1o offset.
The second sideband fully suppressed by the crab cavities
(synchrotron tune Qs = 0.00197, and chromaticity Q;’y =2).
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Synchro-betatron resonances: only one beam crabbed

0.1

Cr‘ussmg
Single global CC ———
0.01 b Qy Head on
Qy-2Qs Qu*+2Qg
0.001 +

QtQs

QeQs
Qy
0.0001

Amplitude

1le-05 -

1e-06 -

1e-07

le-08

0.3 0.305 0.31 0.315 0.32
Frequency [tune units]

For a particle launched with 1o offset. The second sideband
partially suppressed by the single global 800-MHz crab cavity
(synchrotron tune Qs = 0.00197, and chromaticity Q;,y =2).
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Introduction Scenarios
Main part on CC DA, aper. & (3-beat
Summary & Other work Luminosity, €, Collimation & Beam-beam

Long-range + head-on effects: crab efficiency

Long-range

Maximum difference in phase advance between the GCC (IR4)
and IP5 for normal and PACMAN bunches smaller than

5 x 107* (in units of 27). B, and $* almost unchanged by
the missing long-range beam-beam collisions.

Head-on

Local crabbing scheme at the nominal LHC, the beam-beam
head-on collisions at IP5 and IP1 (plus all long-range
collisions) change the horizontal phase advance between the
two local crab cavities from 0.517 to 0.510 (in units of 27),
which will improve the locality of the crab-cavity pi bump.
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Long-range effects: dynamic aperture

10

'Single global 800-MHz CC —+— |
Local 800-MHz CC —+—
Nominal —&—
. 95|
g
[
5
g of
2
]
2
E 85
g
>
3
E sr
E
£
= st

7

0 1‘0 2‘0 3"0 4‘0 5‘0 éO 7‘0 éO 90

Angle [degree]
Minimum dynamic aperture over 60 error seeds for nominal
LHC optics with or without crab cavity; with all the head-on
and long-range beam-beam interactions at IP1, IP2, IP5 and
IP8. The dynamic aperture tracking is performed for 100,000
turns.
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

LHC momentum cleaning

IR3 LHC IR7
Pri. Momen. coll. I 156 = 3.9 mm Primary
Betatron
Dx =22 m @ TCP.6L3.B1 collimator [l 66

Beamline center

Primary momentum collimator, clean dp >
-15-18x 1073
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

AC dipole

AC dip max. strength on resonance, 2000 turns ramp

IP1 [\, ,/\ /\ /\, 0 Aperture limitation at 7
d‘\j VAVAY \/\, P2

N |
\t\v /\ h“ Excited Oscil

v AWA
IPI4 \/ \/AC Dipole 10

M. Bai

| 11445 turns from 1t loss to total

Beam excursion [o]

0 50 100 150 200
Turn number

R. Tomas

LHC IR3. Qac = 4
1) overcome spin resonance
2) excite coherent oscillations to measure linear &

nonlinear beam parameters.
Slow adiabatical ramping —> no emittance growth
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Longitudinal motion, LHC 7 TeV (16 MV)

3 , . 0.0005
op=le-4  +
Bp=2e-4
=3e-4 *
2 or p=1e4 - ¢
\ dp=-5e-4
dp=-le-3  *
1 -0.0005 |- 5p=-2¢-3 o N
-0.001 | —

Energy offset 3p/p

Energy offset &p [0]
o

/
(
N\ /

-0.002

-
/
(
\
N
AN

N
/

()]

-3 -0.0025 L L L L L L
-4 -3 -2 -1 1 2 3 4 -35 -3 -2.5 -2 -1.5 -1 -0.5 0

ct[a] ctm]

5}

o Left: in-bucket particles, 1000 turns
o Right: off-bucket particles, 200 turns
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

S. Fartoukh' proposal

Derivation

% =% =n-0pand Ap,cc =% VCC - sin(wee - t)

—> APX,CC* aYcc . sip(eec . g - 5P n)

Tune of crab-AC-dipole, formula
Qacc = <= -m-0p

Tune of crab-AC-dipole, LHC

For LHC 19 = 3.4 x 107*%, wo = 11KHz

with wce = 800MHz, Qacc = 0.025 for 5,0 = 0.001
with wee = 8GHz, Qacc = 0.31 for 6p = —0.001386
—»» Qacc = @ = 0.31, coherent oscillations
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

0.0005 . . . . . . 0.1
Qacc ——
op=-le-4  + < Q ——
0 e ¢ 0.15
op=-le-3 =
Py . Op=-2€- "
& 00005 | 3 Bpmie3 '(/\ = o
o 3, ccr Op=-5e-4 \VARV, g O
3 =-le-d —— ° LHC Q,
5 -0.001 | e P e}, 5 0.3
S 2
8 8
I $ 035
& -0.0015 | ©
04 Resonance widtl\p>1e-6
-0.002 |
-0.0025 05
35 3 25 2 15 -1 05 0 0 00004  -0.0008  -0.0012  -0.0016  -0.002
ct[m] 3p

o Left: 800-MHz CC, 6 MV, for different dp in the
same 200 turns

o Right: at 7 TeV, energy loss per turn: 1072, to
excite in 1000 turns
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Alternative for momentum collimators

dp=-1.38¢-3

dp=-3.5e-4 dp=-1.5~1.8e-3

o ‘

RF bucket Momen. collimation

Crab-AC-dipole
Working range

Fast enough, compared with synchrotron radiation
loss
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Main part on CC , 3-beat
Luminosity, €, Collimation & Beam-beam

Coherent oscillation with 8-GHz CC (1)

dp=-le-4 = dp=-1.386e-3 = dp=-1.376e-3 dp=-1.396e-3 =
Sp=-le-3 Primary collimator - - - Op=-1.386e-3 - Primary ---

) )

= x

] g

o o

-20 . . . . 220 . . . .
0 100 200 300 400 500 0 100 200 300 400 500
Turn

Turn

op = —0.001386, Qacc = @ = 0.31 works with
3 x 10 °rad, smaller than LHC AC dipole strength
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Scenarios
Main part on CC DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

Coherent oscillation with 8-GHz CC (2)

3p=137663 - 5p=-1396e3 = 032 i i i i i i
Op=-1.386e-3 - Primary colli - - - : L
o FFT result .
0.316 | N ‘
= o3l op=-1.386e-3 @~ 5p=-1.396e-3 1
o .
B O‘é 0312 | L 1
< .
z 031 . dp=-1.376e-3 1
0.308 | P —
0306 | -~ —
0306 0308 031 0312 0314 0316 0318 032
0 500 1000 1500 2000 2500 3000 Q.21
«

Turn

o Decoherence-recoherence, or damping effect?
o Resonance width Ap =2 x 107°

Yi-Peng Sun (CERN/ABP) LHC crab cavities October, 2009 50 / 68



FFT spectrum

Main part on CC

Scenarios
DA, aper. & (3-beat
Luminosity, €, Collimation & Beam-beam

'5p=-1.376¢-3 —

FFT of <pr‘,CC ]

5p=-1.3866-3
1| op=1396e-3 —
01t
®
2
2
g
£ omf
0.001 |
0.0001

0.306 0.308 0.31 0.312 0.314 0.316 0.318 0.32

Frequency [tune units]

0.001 : : . . .
e
5p=-1.396¢-3 FFT of x data
0.0001 |-
8
E
£ 1e05f
£
<
16-06 l ]
L ‘\M\ Il ‘\MM‘\

?
)
5

0.306 0.308 0.31 0312 0.314 0.316 0.318 0.32
Frequency [tune units]

o Left: FFT of turn-by-turn crab-AC-dipole kick
o Right: FFT of turn-by-turn x data
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Main part on CC

Lumlnosnty €, Colllmatlon & Beam-beam

Coherent oscillation with 2.4-GHz CC

op=-1.645e-3 - 3p=-1.6e- 3 - 16,5
3p=-1.56e-3 Primary - - ) Nominal —+—
24G CC, Q,=0.11 —»—

Orbit x [0]
Minimum dynamic aperture 60 seeds [o]

0 100 200 300 400 500 10 20 30 40 50 60 70 80
Turn Angle [degree]

) 5p = —0.0016, QACC = QX =0.11

o Resonance width Ap = 9 x 107°, voltage 1 MV
for 2.4-GHz CC

Yi-Peng Sun (CERN/ABP) LHC crab cavities October, 2009 52 / 68



Scenarios
Main part on CC DA, aper. & (3-beat

Luminosity, €, Collimation & Beam-beam

Conclusion

@ Crab-AC-dipole works in LHC for 8-GHz & 2.4-GHz

@ Clean very early the off-bucket particles which have not yet
reached the abort gap (good for background)

@ Alternative to the momentum collimation insertion
@ pi/2 IR phasing—> 3* = 15cm

@ For 800-MHz, Q,—> 0.04 to use linear resonance; or creat the
condition for 4th-order resonance

What To do next

@ 2.4-GHz possible in LHC?
@ Crab-cleaning collimation tracking: on-going
@ Find resonance condition for 800-MHz CC
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Summary & Other work

Conclusion (1)

Both local and global crab schemes studied
Various beam dynamics issues have been studied

LHC optics can fulfill the requirements to install CC

Min dynamic aperture over 60 magnetic errors seeds shows a
maximum 1 to 20 degradation, acceptable

@ Global crabbing scheme for nominal LHC requires an
additional 0.50 aperture (lowbetamax 1o)

@ z-dependent ‘beta beating’ due to the global crab cavity much
smaller than the regular off-momentum beta beating
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Summary & Other work

Conclusion (2)

@ Luminosity gain from crab crossing computed analytically and
by GUINEA-PIG simulations shows good agreement

@ Local crabbing scheme with 400-MHz crab cavities, luminosity
recovered to head-on collision

@ Global crabbing scheme with only one 800-MHz global CC,
luminosity gain as large as 25% for reduced beam emittance

@ Emittance growth study for CC voltage ramping —> ramping
period of longer than 10 turns

@ Local cleaning inefficiency of the LHC collimation system not
affected by CC presence

@ Available phase space for the circulating beam only
moderately disturbed by the global crab cavity

Yi-Peng Sun (CERN/ABP) LHC crab cavities October, 2009 55 / 68



Summary & Other work

Conclusion (3)

@ Hierarchy of primary (TCP), secondary (TCSG), tertiary
(TCTH), beam dump (TCDQ) horizontal collimators and
shower absorbers (TCLA) is maintained

@ Crab collision case with both beams crabbed, simulated
beam-beam tune shift the same as the head-on collision tune
shift

@ Second-order synchro-betatron resonances introduced by the
crossing collision suppressed by the crab cavities

All results of our beam-dynamics study support the
feasibility of the minimal crab-cavity test operation
in the LHC.
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Summary & Other work

MADX and SixTrack code development

MADX

o MADX “thintrack" module keeper

@ 6D closed orbit search by iteration
@ New type aperture: Racetrack

@ To do: AC dipole and Noise elements

v

@ new element ‘solenoid’ has been added in the SixTrack code
and debugged

@ Small modifications on collimation part
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Summary & Other work

Impact of CMS Field on LHC Beam Dynamics (1)

4.5 0.09
‘ Simulation —+— B(S), =2 mm —>—
4 ‘ X M1 0.08 B(s), =4 mm ——
35 Hard-edge Model E oo7 . B(s), r=6 mm —&—
= B(s), r=8 mm —&—
3 2 006 B(s), r=10 mm
E > B(s), r=12 mm
3 25 gz 005 B(s), r=14 mm —a—
e 2 T o004 B(s), r=16 mm —— (%]
?é 3 B(s), r=18 mm —<—
2 15 é 0.03 B(s), =20 mm —+—
= R
1 S 002 Model 4
2
05 5 001
Q1 Q2 Qs [f
0 0
-0.5 . -0.01 .
0 5000 10000 15000 20000 20000 25000 30000 35000 40000 45000 50000 55000
Longitudinal position [mm] Longitudinal position [mm]

Left: comparison of CMS field between simulation and measurements.
IP5 is located at the origin of the abscisse. A simple hard-edge model is
used (magenta lines).

Right: Longitudinal component of the CMS solenoid stray field.
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Summary & Other work

Impact of CMS Field on LHC Beam Dynamics (

0.319

0.3188

0.3186

Tune [x,y]

0.3184

0.3182

CMS + fringe, MADX —&—
CMS + fringe, SixTrack

|

Nominal —=—

Tune [x,y]

0.318
0.0088168

0.00881684  0.00881687  0.00881691

Kor [

0.31
0.309
0.308
0.307
0.306
0.305
0.304
0.303
0.302
0.301

Nominal —— ~

CMS main
CMS stray

0.3
0.0088182 0.0088185 0.0088188 0.0088191 0.0088194

Kor ™)

Left: Coupling 2.99x10~* introduced by the CMS solenoid for the
collision optics at 7 TeV.
Right: Coupling 4.65x1073 introduced by the CMS solenoid for the
injection optics at 450 GeV.

Yi-Peng Sun (CERN/ABP)

LHC crab cavities

October, 2009

59 / 68



Summary & Other work

Impact of CMS Field on LHC Beam Dynamics (3)

17 T T T 15 T T T
Nominal —8— Nominal —8—
CMS + fringe —— CMS + fringe ——
B 16 BT 14
2 2
5 5
£ £
© ©
g 15 g 13
Q Q
£ £
s s
g g
3 14t 3 12
E E
5 5
E E
< £
= 13 = u
12 . . . . . . . . 10 . . . . . . . .
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Angle [degree] Angle [degree]

Left: Minimum dynamic aperture over 60 seeds for nominal LHC optics
long term (100,000 turns). LHC collision optics at 7 TeV.

Right: LHC injection optics at 450 GeV.
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Summary & Other work

Polarity check for LHC injection test (S23 & S78)

&

Sequence

Questionable
BPM

Questionable
correctors

Questionable
magnets

Polarity
OK

Polarity
OK? (swap or?)

Yi-Peng Sun (CERN/ABP)

Conclusions

Data 24 Aug 2008, for LHC sector 78

Beam2+’-’ bv + reflect

BPM.12R7.B2 (x-y inv);
BPM.34R7.B2;

BXV3;

QT11; QS; MSS; OD; QT13;
SF[1] (amp)

BCH6; BCVS5; BYH4; BCH6
OF; MCS; QT12; SD[1,2]

SD[1] <-> SD[2]

- Rama Calaga Yipeng Sun & Fral mermann

Beam4 + flipped x YASP measured data

BPM.12R7.B2 (x-y inv); BPM.28R7.B2 (y)
BPM.34R7.B2 (x); BPMSX.4L8.B2

BCH6(off-m); BXV3; BYH4(off-m)

0OD;

QT13; @S; MCS; MSS
BCH6(on-m); BCV5

OF; QT11; QT12; SD[1,2]; SF(?)
SD[2] -> SD[1,2]

SF[1] -> SF[1,2]
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Summary & Other work

Polarity check for LHC injection test (1)

QT11-78 check, MCBCV.A5L8 +20 murad, 5=0.0 QT11-78 check, MCBCV.A5L8 +20 murad, 5=0.0
6 T T T 3 T T
T 40 o = 20 ; { {ﬁ:ﬁl iy ——
5L L
E ol % d;rx iy (LML “i“. ialagyyiti] !1 o8] E ot i gt b ! i
5 ol TEIET Ty T n ey T T 7 5 1t i { i{ 3 1L {
4 b 2
25 3 35 4 45 5 55 6 25 3 35 4 45 5 55 6
6 . FPRTER—— il R —
4r 1 i ir 3t Model (diffl - iff2) ———
T 2t ot g T 2+ 5
E of ! E Fr A4 f {
Z 2r e S o g z :% r 4
4t . 5 i f i s g it i M
-6 -4
25 3 35 4 45 5 55 6 25 3 35 4 4.5 5 55 6
s [km] s [km]

MQTLI.11L8.B2 (on-m)

Diff1(2): with(out) corrector, inv - nom (Left fig is diff1)

0 = 2(kgr11 - L)Ay —> Estimated Y offset: 4.7 mm

nearby BPM.1118.B2: -0.18 mm, BPM.10L8.B2: -1.13 mm,
BPM.9L8.B2: -4 mm
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Polarity check for LHC injection test (2)

QT11-78 check, MCBCV.A5L8 +20 murad, MADX ealign y = 3 mm, 3=0.0 QT11-78 check, MADX ealign y = 3 mm, =0.0
s Measured (QT11-78 — s Measured (QT11-78 —
= i L e (QT1 -7, v wom) = i L o QU178 i som)
E of E ol L 1 b Ll bl Ll b b
g‘ a1l g al L A PR UL !E!i [ IR i G b Y
2+ 26
3 . . . . . . 3 . . . . . .
25 3 35 4 45 5 55 6 25 3 35 4 4.5 5 55 6
8 T T T T T T 4 T T T T T T
?-1 : Measred @TILT, s -nom) g : Measred @TILT,ins - nom)
£ ol E 1t
E 0t E ot
I 2r > 10
4 2 r
6t ‘31 r
25 3 35 4 45 5 55 6 25 3 35 4 45 5 55 6
s [km] s [km]

Left: with corrector, inv - nom; Right: without corrector, inv - nom
In MADX, set MQTLI.11L8.B2 misaligned error y = 3 mm
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Polarity check for LHC injection test (3)

OD-78 check, MCBCV.A5L8 +40 murad, 6=0.00 OD-78 check, MCBCV.A5L8 +40 murad, 6=0.0025

(OD-78, in

Ax [mm]
bRk orNvw
Ax [mm]
bRk orNd®

25 3 3.5 4 4.5 5 55 6

N
3}
w
w
v
IS

45 5 5.5

> e 0D 78 o) > Meauured (OD-78,ny - nom) ~—+—
T 1} T 1}
E ol e g ol
£ R R » { =
I 1r { T 1k Z 1t

2+ Pyl

25 3 35 4 4.5 5 55 6 25 35 4 4.5 5 55
s [km] s [km]

No obvious effect in MADX model (Left fig)
At Lhcinj.ti8, introduce: dy = -0.179 m (from measured
BPMYB.4R8.TI8) (Right fig)
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Emittance growth in the LHeC recirculating Linac (1)

6000. -5 MAD-X 3.04.66 07/08/09 15.19.02 0.250

£ E
£ « y D D, E
a B B ! fo2s &
D £ 5000 Lozo E
(-8 a
2000, ] L0175
@ [ 0.150
b 3000. Fo.125
ol f 0.100
< 2000.9 [ 0075
nN o= L
L 1000, 0.050
B2 - F 0.025
o @ = 0.0 - 0.0
o w (2] 0.0 75 150 235
o o s(m) [¥10°*( 3]
20 1
22 2
N

Optics designed by Anders Eide & Frank Zimmermann
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Emittance growth in the LHeC recirculating Linac (2)

114 | £,,0.5-60 GeV, 50 pm —+— || €,, 0.5- 140 GeV, 200 pm —x—

€, 0.5-100 GeV, 50 pm —— 28 | €, 0.5- 140 GeV, 100 pm —<— 1

112 £ 0.5- 140 GeV, 50 pm —x— | 26 €, 0.5-140 GeV, 50 ym —+— B

@ ] o 24f 1
g g
] ]

£ 1 g 22¢ ]
E E

o o 2} i
o o
2 ] 2

s g 18r q
° ©

& ] T o6t E

4 14 4

12 1

1
0 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000
Longitudinal position [m] Longitudinal position [m]

Left: Energy accelerated from 0.5 GeV to 60 (100 or 140) GeV & Energy
spread and chromatic effects; Right: Synchrotron Radiation damping and
quantum excitation.
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Backup: Local loss map

T T
o TCP.C6L7.B1 LHC IR7 " TCP.C6L7.81 LHCIR7
Losses at collmator
Losses at warm magrets —
107 Losses at cold magnets ——— 107}
T T Losses at cold magnets
=, =
510 510
4 5
E 1073 E 107
g 3
107 1074
Quench limit Quenchlimit
107 107}
| 1

197 198 199 20 20.1 202 197 198 199 20 201 202
stk sk

Left: with CC, beam halo generated at z = 20,; Right: with CC,
beam halo generated at z = 30,.
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Backup: collimator hierarchy

TCP —— TCTH —— TCLA
TCSG —— TCDQ ——— RFbucket - - -

TCP —— TCTH —— TCLA
TCSG —— TCDQ ——— RFbucket - - -

g, cu [0]

g, cut [0]

-0.004 -0.003 -0.002 -0.001

0 0.001 0.002 0.003 0.004 -0.004 -0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004
Energy offset 3, Energy offset 3,

Left: with CC, beam halo generated at z = 20,; Right: with CC,
beam halo generated at z = 30,.
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